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The flow around second-generation controlled diffusion 
blades in cascade at stall was examined experimentally 
through the use of a two-component laser-Doppler 
velocimeter (LDV).  The experimental results were compared 
with computational fluid dynamics predictions in order to 
provide information that will allow for more exact design 
of advanced blades.  Midspan blade surface pressure data 
were also collected over a range of Reynolds numbers based 
on chord of 270,000 to 720,000.  Pressure distribution 
plots verified that the blades were in the stalled 
condition.  The LDV measurement surveys were taken at one 
inlet station, at three stations on the suction side of the 
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c blade chord (m) 
Cac fraction of axial chord 
h blade span (m) 
Re Reynolds number 
Rec Reynolds number based on blade chord 
S blade spacing (m) 
U axial velocity component (m/s) 
V tangential velocity component (m/s) 
Vref reference velocity (test section inlet 
      velocity) (m/s) 
X dimensionless velocity 
X' traverse coordinate position (m) 
Y' traverse coordinate location (m) 
Z' traverse coordinate station (m) 
y/S  non-dimensionalized pitchwise direction 
k/(Vref2)  non-dimensionalized total turbulence kinetic 
        energy 
Utot  total velocity (with components U,V,W) 
1β   tunnel inlet flow angle 
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I. INTRODUCTION  
A. BACKGROUND  
Advances in engine technology made engine designs more 
efficient and cost effective to both manufacture and 
operate.  One of the most significant improvements to 
compressor design was the advent of controlled-diffusion 
(CD) compressor blading.  Numerical fluid flow prediction 
techniques, specifically Computational Fluid Dynamics (CFD) 
codes, greatly enhanced compressor blade design technology.  
The main advantage of CD blades over earlier pedigree blade 
designs was that their unique geometry of the suction side 
of the blades allowed for greater turning and delayed onset 
of stall.  As a result of the high turning angles, CD 
blades provided more lift than conventional blading.  Thus, 
engines with fewer blades, and thus lower production costs, 
produced the same thrust as legacy engine types.  
The CD blades investigated in this study were a second 
generation 67B series blades designed at what is today NASA 
Glenn Research Facility.  They were the first improvement 
over 67A compressor blades, also NASA designed.  The 
Turbopropulsion Laboratory (TPL) at the Naval Postgraduate 
School (NPS) conducted research on 67B blades in linear 
cascade for the past 11 years, starting with Hansen [Ref 
1].  Hansen experimentally and computationally studied flow 
at the design inlet flow angle (β1) of 36.3˚.  Schnorenberg  
[Ref 2] used LDV data and surface and five-hole probe 
pressure measurements to study the effects of Reynolds 
number on the separation region at β1= 38˚.  Grove [Ref 3] 
experimentally and numerically investigated the flow at the 
2 
off-design inlet flow angle of 39.5˚ using LDV, surface and 
rake probe measurements and flow visualization.  Nicholls 
[Ref 4] used the same equipment as Schnorenberg and 
performed tunnel calibration following the change out of 
the primary motor.  Carlson [Ref 5] used five-hole probe, 
LDV and CFD data to examine end wall flow.  Caruso [Ref 6] 
measured 3-D effects of corner vertices at β1= 40˚ using a 
three component LDV system. 
In 2004, Fitzgerald [Ref 7] investigated the blades at 
stall using a 2-D laser doppler velocimetery (LDV) system.  
He performed inlet, boundary layer, and wake surveys at a 
Reynolds number based on chord length (Rec) of approximately 
640,000.  However, due to equipment operational 
limitations, continuous surveys were not possible, thus 
Fitzgerald manually reconfigured his survey equipment in 
order to complete his data collection.  
B. PURPOSE 
The primary purpose of this study was to troubleshoot 
the equipment and to perform continuous LDV surveys at Rec ≈ 
640,000 with the blades at stall.  The secondary purpose 
was to measure inlet conditions and take wake surveys at 
stall over a range of Rec from 250,000 to 700,000.  The 
final purpose was to perform initial numerical simulations 
using ESI’s CFD software suite consisting of CFD GEOM, CFD 
ACE, and CFD View to compare computational and experimental 
data at both the design inlet flow angle, and the stalled 
condition. 
II. APPARATUS AND INSTRUMENTATION 
A. LOW-SPEED CASCADE WIND TUNNEL  
The study was conducted in the Naval Postgraduate 
School’s (NPS) Turbopropulsion Laboratory using the Low-
Speed Cascade Wind Tunnel (LSCWT).  Figure 1 depicts the 
layout of the NPS wind tunnel facility.  Tunnel 
specifications are described by Nicholls [Ref 4]. 
 
Figure 1.   NPS Low Speed Cascade Wind Tunnel Facility [From 
Ref 7] 
 
B. TEST SECTION 
3 
The test section of the LSCWT consisted of 10 Stator 
67B controlled-diffusion (CD) blades. The installation of 
the blades was documented by Hansen [Ref 1]; however, as 
mentioned earlier the inlet flow angle,β1, was adjusted to 
40.8˚.  A detailed layout of the cascade and the test 
section is displayed in Figure 2, and Figure 3 showed the 
actual blades installed. The LDV data was collected at the 
inlet and wakes of Blades 3 and 4, and inside the boundary 
layer along the suction side of Blade 3.  In order to 
facilitate LDV data collection, Blade 3 was anodized black.  
Blade 6 was the fully instrumented blade with 42 pressure 
taps used for the blade surface pressure measurements.  A 
profile view of the 67B blades is shown in Figure 4. 
 






Figure 3.   CD Blades Mounted in LSCWT [From Ref 7] 
 
Figure 4.   Stator 67B Blade Profile [From Ref 1] 
 
C. INSTRUMENTATION 
1. Pressure Surveys 
Surface pressure measurement data were collected from 
the fully instrumented Blade 6.  This particular blade 
included 40 pressure ports, one at each of the leading (LE) 
and trailing edges (TE), and 18 along the pressure side and 
20 along the suction side.  Pressure port spacing is 
described in Lim [Ref 8].  Blade 6 was connected to a 48 
channel Scanivalve system that recorded the data and that 
was controlled by an HP-VXI data acquisition system.  The 
details of the pressure data system were described by 




2. Laser-Doppler Velocimeter 
The LDV measurement equipment used was a 3-component 
system built by TSI.  The LDV system major subsystems of 
laser and optics, data acquisition and traverse mechanism 
were described by Fitzgerald [Ref 7]. 
3. Particle Seeding 
An element vital to the successful operation of the 
LDV system was particle seeding.  The TSI model Six Jet 
Atomizer was used with standard olive oil as the seed 
source.  The atomizer was set at an operating pressure of 
30psi and produced seed particles on the order of 1 micron.  
The seeding tube was connected to a manually adjustable 
seed probe that allowed for adequate seeding along the 
survey spans.  The atomizer is shown in Figure 5. 
 




4. Computational Fluid Dynamics 
The CFD software suite utilized to perform the 
numerical modeling of the cascade flow consisted of the ESI 
suite of software; CFD-GEOM, CFD-ACE, and CFD-VIEW.  CFD-
GEOM allowed the user to define the flow geometry and grid 
refinement.  CFD-ACE performed the calculations using a 
pressure correction algorithm based on the SIMPLE 
algorithm.  CFD-ACE modeled flow over both stationary and 
rotating objects through the choice of selecting fixed, 
cyclic, or rotational boundary conditions.  CFD-ACE had 10 
built in turbulence models that were designed for 
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III. EXPERIMENTAL PROCEDURES 
A. PRESSURE MEASUREMENTS 
Pressure measurement data were collected around Blade 
6 for seven test cases ranging from LSCWT plenum pressures 
of 2” H2O to 14” H2O, in 2” H2O increments.  The primary 
plenum pressure for the research was at 12” as this was the 
primary setting tested by Fitzgerald [Ref 7].  The 
collected data were transferred to a personal computer (PC) 
to be processed. 
B. LASER-DOPPLER VELOCIMETRY 
While the LDV system was capable of 3-D measurements, 
only one component had enough power to collect data.  
Figure 6 shows the main components and configuration of the 
LDV system.  In order to facilitate 2-D data collection, 
separate surveys had to be completed at each station along 
the blade.  First, the vertical component was measured with 
the green beam aligned in the standard vertical alignment 
position.  Upon completion of the vertical survey, the 
fiberoptic cables leading out from the Colorburst to the 
fiberoptic probes for the green and blue beams were 
interchanged.  Thus, the green beams were now in the 
horizontal configuration to allow for horizontal velocity 
component measurement. 
1. Laser Calibration and Probe Alignment 
At the beginning phase of research, the Argon Ion 
Laser system was fully cleaned and aligned following 
factory instruction manuals.  The probe was yawed to ensure 
that the beam crossing was perpendicular to the LSCWT.  A 
laser alignment tool was inserted between Blades 3 and 4 
prior to each day’s testing to ensure a common reference 
grid.  The exact specifications of the alignment tool and 
reference grid were found in Hansen [Ref 1].  Inlet and 
wake surveys were aligned with the probe perpendicular to 
the tunnel.  Boundary layer surveys were conducted with the 
probe yawed 4 degrees so that the leftmost horizontal beam 
was aligned perpendicular to the tunnel. 
 
Figure 6.   1-D LDV System Configuration 
 
2. Tunnel Calibration 
In order to determine the characteristics of the 
LSCWT, a tunnel calibration procedure process was 
10 
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conducted.  The calibration process consisted of collecting 
inlet velocity data at three pressure settings, while 
recording the actual plenum pressure, ambient temperature, 
and atmospheric pressure.  The recorded pressure settings 
were 2” H2O, 8” H2O, and 14” H2O of plenum pressure which 
were the lowest, median, and highest tunnel settings tested 
in this research.  Pressure values for two intermediate 
pressure settings were then calculated via linear 
interpolation, giving a total of five data sets.  The data 
was fed into a FORTRAN computer code named “Calib1.for” 
which provided a reference velocity for each plenum 
pressure setting.  During each subsequent LDV survey the 
plenum pressure, temperature and atmospheric pressure were 
recorded and entered into a data file “Refer.dat.”  The 
program “Calib.1” then provided the reference velocity for 
each individual survey, which allowed the velocity data to 
be non-dimensionalized. 
3. Surveys 
Three types of surveys were conducted:  inlet, 
boundary layer and wake.  As previously mentioned, the main 
goal was to perform initial measurements at Rec ≈ 640,000, 
and all surveys were completed with the the actual value of 
Rec ≈ 667,000.  Figure 7 gives the locations of the survey 
positions with respect to blade chord length.  Velocity and 
turbulence intensity percentage data were collected during 
each survey.  Using “Find” software, the survey starting 
Colorlink Frequency Shift and Processor Control Frequency 
filter settings were adjusted to conduct the surveys.  A 
complete table of survey start settings can be found in 
Appendix A.  The “Find” software had to be reinstalled two 
times in order to facilitate accurate data collection. 
 
Figure 7.   Laser-Doppler Survey Locations [From Ref 7] 
 
a. Inlet Surveys 
Inlet surveys were conducted at Station 1.  A 
series of 25 data points which spanned 154.2 mm, equal to 
the blade spacing, were collected.  Station 1 was 
positioned 36.6 mm below the LE.  The fiberoptic probes 





b. Boundary Layer Surveys 
Although Fitzgerald performed seven boundary 
layer surveys, only three boundary layer surveys were 
conducted.  Stations prior to Station 7, near mid chord, 
were omitted as previous data indicated that separation 
occurred between Stations 7 and 8.  Using only the vertical 
beams, tangential velocity component data were collected 
along the blade surface.  The fiberoptic probe had to be 
yawed 4 degrees which allowed for the beams to pass as 
close to the blade surface as possible. 
c. Wake Surveys 
At the Rec ≈ 667,000 tunnel setting, both coarse 
and fine wake measurements were conducted.  Coarse surveys 
consisted of 50 data points collected at 5 mm intervals and 
passed through the wakes of Blades 3 and 4.  Fine surveys 
performed in the wake of Blade 3 only contained 40 points 
at 2.5 mm spacing.  Fine wake surveys were performed at Rec 
≈ 268,000 and Rec ≈ 545,000.  The probe was aligned 
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IV. NUMERICAL (CFD) PROCEDURES 
COMPUTATIONAL FLUID DYNAMICS 
A series of 2-D calculations were performed for the 
design β1 = 36.3˚ and the stalled conditions with β1 = 40.8˚.  
The goal was to compare results generated with the Standard 
k-ε, Low Re k-ε, and the k-ω turbulence models embedded in 
CFD-ACE with experimental data. 
The mesh grid developed for the study consisted of 
28,000 nodes and was designed to flow between the pressure 
side of one blade and suction side of the adjacent blade.  
One hundred grid points were placed between the blades, 
with a spacing of 1.542 mm between points.  A total of 280 
grid points defined the flow path from the inlet to the 
outlet.  The grid geometry is shown as Figure 8. 
The design point calculations consisted of 100 
iterations for each turbulence model.  The number was 
chosen so that at least three orders of magnitude 
convergence were achieved on the residuals.  
  
Figure 8.   Mesh Grid Geometry With Close Up of Leading Edge 
16 
V. RESULTS AND DISCUSSION 
A. PRESSURE SURVEYS 
Blade surface pressure measurements taken on Blade 6 
verified that the blades were indeed at stall.  Figure 9 
shows Cp vs x/c for the highest, lowest and median tunnel 
settings plotted against one another.  At Rec ≈ 268,000, at 
approximately x/c = 0.43 a leveling off of the Cp along the 
suction side of the blade indicated that the flow separated 
and then reattached at x/c = 0.7.  As Rec increased to 
545,000, there was no evidence that the flow reattached on 
the blade surface, thus showing the stalled condition.  
Notably, as Rec increased, the enclosed area between the 
suction side and pressure side Cp distributions decreased, 
which resulted in a loss of lift.  Cp plots for each of the 




Figure 9.   Pressure Ratio Distributions at Various Rec 
B. LASER-DOPPLER VELOCIMETRY AT REC ≈ 667,000 
1. Inlet Surveys 
The results of inlet surveys are displayed in Figure 
10.  As β1 = 40.8˚, the horizontal and vertical velocity 
components were nearly equal.  The flow demonstrated a mild 
sinusoidal velocity nature which was a result of the 
potential effect of the leading edges of Blades 3 and 4 
felt upstream.  Average turbulence intensity (TI%) for the 
vertical component was 1.6% and for the horizontal 
component 1.7%. 
 
Figure 10.   Station 1 Inlet Survey @ Rec ≈ 667,000 
18 
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2. Boundary Layer Surveys 
Boundary layer surveys were only conducted at a Rec ≈ 
667,000, to ensure verification of Fitzgerald’s thesis work 
[Ref 8].  Three boundary layer surveys were collected at 
Stations 7, 8, and 9 respectively.  As mentioned 
previously, the LDV probe was yawed 4 degrees to allow for 
the beam crossing to reach as close to the blade surface as 
possible, and the horizontal component could not be 
measured due to blade camber. 
a. Station 7 Boundary Layer Survey  
Figure 11 contains the graphical output of the 
survey at Station 7.  The freestream velocity remained 
relatively unaffected until very near the blade surface.  
The value of d/c was a ratio of the distance from the blade 
surface vs chordlength, and a value of d/c = 0.05 was 
approximately 6.4 mm away from the blade surface.  The flow 
velocity remained positive, and thus validated Fitzgerald’s 
observation that separation occurred downstream of Station 
7.  Turbulence intensity remained steady at 4% in the 
freestream until it reached d/c of 0.10, and then increased 
to a maximum of 12% as d/c went to zero. 
b. Station 8 Boundary Layer Survey   
Station 8 can be seen in Figure 12.  The boundary layer at 
this station was measured to extend away from the blade by 
a normalized distance (d/c) of 0.15, or 12.8 mm from the 
blade surface.  At d/c of 0.05, the flow became negative 
and demonstrated that separation had occurred and that 
there was a region of reverse flow present.  Again, this 
showed agreement with Fitzgerald’s data.  Turbulence 
intensity began increasing above 4% at d/c =0.4 and had two 
peaks.  The first peak showed a turbulence intensity of 18% 
at d/c = 0.13 at the point of maximum shear in the positive 
flow.  The second, higher peak at d/c = 0.06 reached over 
20% and showed the maximum shear in the reverse region. 
 
 




Figure 12.   Station 8 Boundary Layer Survey @ Rec ≈ 667,000 
 
c. Station 9 Boundary Layer Survey  
Station 9 data can be seen in Figure 13.  As 
expected, the freestream velocity became affected further 
from the blade surface at d/c = 0.25.  The region of 
reverse flow grew to twice the size of that at Station 8, 
which was consistent with previous measurements [Ref 6].  
Two peaks in turbulence intensity were measured, with the 
first seen at the location where the flow returned to 
22 
freestream conditions, and the second higher peak at the 
point where the flow became reversed.  The turbulence 
intensity percentages were 18% and 21% for the two cases 
respectively. 
3. Wake Surveys  
Wake Surveys were completed at Stations 11, 12, and 
13.  The probe was aligned perpendicular to the tunnel for 
all surveys, and horizontal and vertical components of the 
flow were measured. 
a. Station 11 
The graphical outputs of the surveys at Station 
11 are shown as Figure 14 and include the velocity ratios 
for both the coarse and fine surveys as well as the 
turbulence intensity of the coarse survey.  In the wake of 
Blade 3 and 4 a region of reverse flow was measured in the 
horizontal and vertical flow components.  The fine survey 
indicated that the width of the reverse flow region was on 
the order of 13 mm, which spanned from Y/s = 0.25 to 0.32 
behind Blade 3.  The turbulence intensity peaked at 
approximately 16% at the location where the flow reverted 
back to freestream conditions.  Turbulence intensity was 











Figure 13.   Station 9 Boundary Layer Survey @ Rec ≈ 667,000 
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Figure 14.   Station 11 Wake Survey @ Rec ≈ 667,000 
 
b. Station 12  
Station 12 again showed reverse flow in the 
horizontal and vertical flow components, as seen in Figure 
15.  In the wake of Blade 3, the reverse flow region 
decreased in size and spanned from Y/s = 0.28 to 0.31, as 
seen in the fine survey plot.  The turbulence intensity 
recorded for the coarse survey in the wake spiked above 20% 
Tu. These points correspond to regions of maximum shear in 
the mean flow.  The data for the fine survey at Station 12 
were included in Figure 15 and indicated that the 
turbulence intensity for the vertical component was 
consistent with Station 11 as well as Fitzgerald’s data.  
 
Figure 15.   Station 12 Wake Survey @ Rec ≈ 667,000 
 
c. Station 13  
Station 13 results, plotted in Figure 16, showed 
that the region of reverse flow had dissipated in the 
freestream.  Turbulence intensity retained a very similar 
profile to Station 11, with peaks as high as 17% in the 
25 
wake of Blade 3 and 16% in the wake of Blade 4.  The peaks 
occurred in the region where the freestream flow began to 
slow and where the affected flow returned to freestream 
conditions. 
 
Figure 16.   Station 13 Wake Survey @ Rec ≈ 667,000 
 
C. LASER-DOPPLER VELOCIMETRY AT REC ≈ 268,000 
1. Inlet Surveys at Rec ≈ 268,000  
Inlet survey results can be found in Figure 17.  The 
flow velocity ratios and turbulence intensity were 
26 
consistent with those collected at Rec ≈ 667,000.  The 
potential from the LE of Blades 3 and 4 were viewed by the 
low amplitude sinusoidal pattern in the velocity ratio 
data.  The turbulence intensity remained in the 1.5-2.0% 
range for both velocity components. 
 
 





2. Wake Surveys at Rec ≈ 268,000  
a. Station 11 
Station 11, plotted data shown in Figure 18, 
showed a very different nature than observed at Rec ≈ 
667,000.  The magnitudes of the velocity ratios between the 
two cases showed good agreement; reverse flow in the 
horizontal and vertical flow was measured in the wake.  The 
vertical turbulence, Tu, reached a maximum of 42% where the 
flow returned to freestream conditions.  While Tu was more 
than double that measured at Rec ≈ 667,000, Tv, or the 
horizontal turbulence intensity, peaked at 10% which was 
half that seen at the higher Rec.  The plot of Tv showed two 
peaks which coincided with the locations of the extreme 
boundaries of the reverse flow region.  Tu showed a single 
peak at Y/s = 0.3 that coincided with the second Tv peak. 
b. Station 12 
Station 12 flow behavior again demonstrated a 
region of reverse flow, although less intense than at 
Station 11.  The Tu value measured remained higher than Tv, 
but a drop in Tu and rise in Tv was observed.  Peak Tu 
dropped to 38% and peak Tv rose to 18%.  Figure 19 contains 
the graphical output at Station 12.  As at Station 11, Tu 
had a single peak, and Tv had double peaks.  
c. Station 13 
Station 13 data, depicted in Figure 20, showed 
that the disturbed flow region was being carried away in 
the freestream.  Neither velocity component underwent 
reverse flow, and the gradients in the mean velocity 
profile were steeper than those measured at Rec ≈ 667,000.  
As seen at Station 12, the Tu and Tv values converged, as 
Tu dropped to 26% and Tv rose to 19%.  The Tu and Tv curves 
also had steep slopes that matched the velocity curves.  
Twin peaks were measured for both Tu and Tv. 
 











Figure 20.   Station 13 Wake Survey @ Rec ≈ 268,000 
 
D. LASER-DOPPLER VELOCIMETRY AT REC ≈ 545,000 
1. Inlet Surveys 
Inlet survey output is displayed as Figure 21.  
Velocity ratio data coincided very closely with that 
measured at the other two test conditions.  Turbulence 
intensity in the vertical component was recorded as ranging 
from 1.5-2%, as before, but Tv had a higher average as well 
as higher overall total change, fluctuating between 1.9% 
and 2.7%.    
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Figure 21.   Station 1 Inlet Survey @ Rec ≈ 545,000 
  
2. Wake Surveys 
a. Station 11 
Station 11 showed that a reverse flow region was 
present for both velocity components.  Refer to Figure 22 
for the graphical output.  While both velocities were 
negative, the vertical component velocity ratio was more 
highly negative than the horizontal.  As seen at Rec ≈ 
268,000, Tu was higher than Tv, although at the higher Rec 
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the difference was smaller.  The turbulence intensity 
curves showed a very distinct nature from the other two 
test cases.  There were two distinct peaks in Tu, as well 
as a plateau.  The first peak of 35% at Y/s = 0.25 occurred 
at the beginning of the reverse flow region.  The second 
peak of 22.5% at Y/s = 0.33 coincided with the end of the 
reverse flow region.  Tu then dropped slightly to 18% until 
the flow returned to freestream conditions.  There was a 
similar profile in Tv, but both peaks were nearly 15%.  
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Figure 22.   Station 11 Wake Survey @ Rec ≈ 545,000 
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b. Station 12  
Station 12 at Rec ≈ 545,000 showed the most 
remarkable flow characteristics of all the Stations tested.  
The velocity ratio data looked much like the other wake  
stations, with reverse flow in the vertical component and 
either very slow flow or slightly reverse flow in the 
horizontal component.  The turbulence intensity profiles 
were very different than those observed at the other 
stations and Rec.  In looking at the Tu and Tv plots in 
Figure 23, three distinct peaks were clearly seen for both 
turbulence intensity values.  Each component peaked at the 
extreme edges of the reverse flow region and at the return 
to freestream conditions.  Most noteworthy was the change 
of peak magnitudes between Stations 11 and 12.  For Tu at 
Station 11, the peak turbulence intensity was at the 
beginning of the reverse flow region, and each successive 
peak or plateau was at a lower value.   At Station 11 Tv 
showed a different profile that had its highest peak at the 
end of the reverse flow region. 
At Station 12, Tu had its maximum value at the 
end of the reverse flow region rather than at the 
beginning, and had a similar shape, although different 
magnitude, as Tv at Station 11.  Tv peaked at the beginning 
of the reverse flow region and each successive peak was 
lower, much as Tu looked at Station 11.  Thus, there was a 
swap in the nature of how Tu and Tv behaved between 
Stations 11 and 12.  This was difficult to explain in 2-D 
terms, but it indicated that the flow region was highly 3-




Figure 23.   Station 12 Wake Survey @ Rec ≈ 545,000 
 
c. Station 13  
Station 13 data plotted in Figure 24 showed that 
the wake had less of a deficit as it was carried away from 
the trailing edge.  No reverse flow was seen in either 
velocity component.  Vertical turbulence intensity actually 
peaked at a higher value (28% vs 24.5%) here than at 
Station 12, but there was a single peak with steep slopes, 
which gave an overall lower average value of Tu.  A similar 
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average value of turbulence intensity was seen for Tv, and 
a similar peak value, but like Tu it had the maximum 




Figure 24.   Station 13 Wake Survey @ Rec ≈ 545,000 
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E. COMPUTATIONAL FLUID DYNAMICS 
1. Results at Design Conditions (β1 = 36.3˚) 
Both the k-ε and Low Re k-ε turbulence models gave 
solutions at 100 iterations; however the k-ω model trials 
always diverged before reaching 100 iterations.  Thus no 
data was available for the k-ω model.  The other two 
models’ solutions also diverged before reaching 200 
iterations, thus the data predicted at 100 iterations will 
be discussed.   
Figures 25 and 26 show graphical output data from the 
CFD modeling effort.  Figure 25 shows the pressure and 
velocity contour fields through a set of adjacent blades 
computed with the k-ε model.  The fields looked 
appropriate, and thus Cp data were then extracted from CFD 
VIEW output.  When the CFD data were plotted versus 
Hansen’s experimental data [Ref 1] the data did not closely 
match (Figure 26).  The pressure side of the blade showed 
better agreement than did the suction side, but from the 
leading edge to x/c = 0.3 along the pressure side Cp data 
showed poor agreement.  The CFD generated Cp curve along 
the pressure side showed the same shape as the experimental 
data, but the ratio was under-predicted along the entire 
chord.  The Standard k-ε model data was slightly closer to 
the actual data than the Low Re k-ε data. 
Along the suction side, the CFD data again showed a 
similar shape to the experimental data, but again under-
predicted the ratio along the entire chord.  Similar to the 
pressure side, the worst prediction for the suction side 
was from the leading edge to x/c of 0.5. 
 
 




Figure 26.   CFD and Experimental Cp Distribution Comparison 
at Design β1 
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2. Results at Stalled Design Conditions (β1 = 40.8˚) 
In spite of the lack of agreement with the 
experimental at design inlet flow angle, the stall 
condition was also computed.  As before, the k-ω solutions 
diverged, but the other two models gave solutions at 100 
iterations, but diverged before 200 iterations could be 
performed successfully.   
Figure 27 shows the contour plots of the pressure and 
velocity fields for the blade passage and both appear to 
offer reasonable solutions.  The Cp was then extracted from 
VIEW and plotted against the experimental Cp data collected 
during the current study.  The results of this comparison 
are plotted in Figure 28.   
The results spanning the chordlength of the pressure 
side were very similar to the design case.  Again, the CFD 
code failed to accurately predict the leading edge 
conditions.  However, from x/c of 0.5 to 0.8 the results 
actually showed reasonable agreement with the experimental 
results. 
As for the design β1 comparison, there was less 
correlation between CFD and experimental results along the 
suction side of the blade for the stalled condition.  The 
leading edge was again the least accurate portion of the 
CFD prediction.  But, unlike the design case, the suction 
side solution did not under-predict the Cp distribution as 
it had earlier.  Rather, the data lines crossed twice; 
first at x/c = 0.5 and again at x/c = 0.75.  This was 
possibly the result of the limitations of a 2-D model to 
accurately predict a highly turbulent, separated, 3-D flow. 
 
Figure 27.   Pressure and Velocity Distribution @ β1 = 36.3˚ 
 
 
Figure 28.   CFD and Experimental Cp Distribution Comparison 
at Stalled β1 
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VI. CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 
The main objective of the study was achieved, in that 
continuous surveys in the inlet, boundary layer, and wake 
were successfully performed at Rec ≈ 667,000.  Equipment 
troubleshooting showed that “Find” software required 
periodic re-installation in order for continuous surveys to 
be collected and processed with the personal computer used 
to process the data.  The data collected showed good 
agreement with that obtained by Fitzgerald. 
The secondary objectives of the study were 
successfully met.  Inlet and wake data were obtained via 
continuous surveys at low and intermediate Rec values, which 
gave a better understanding of the stalled flow of the test 
blades. 
The third objective was partially met.  Initial CFD 
predictions were made, but did not show close agreement 
with experimental data.  However, the fact that the shapes 
of the Cp distributions were similar in shape, if different 
in magnitude, was an important first step towards the final 
solution.  Groundwork has been laid for future research. 
B. RECOMMENDATIONS 
Based on the interesting results of the flow seen at 
Rec ≈ 545,000, additional surveys should be conducted 
between Stations 11 and 12 over a range of intermediate Rec.  
Two-component testing should be the first step, but a 
return to 3-component LDV measurements should be undertaken 
as soon as possible. 
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Further boundary layer testing should be performed at 
the full range of Rec to supplement the inlet and wake data 
collected. 
CFD efforts should be aggressively pursued to attempt 
to obtain better correlation between CFD predictions and 
experimental data.  Several methods should be investigated, 
such as refined mesh grids, 3-D models, and testing with 
the remaining turbulence models that were not investigated 
during this study. 
 
APPENDIX A. PROCESSOR CONTROL FREQUENCY AND 
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APPENDIX B. SURFACE PRESSURE MEASUREMENTS AT 
VARIOUS REYNOLDS NUMBERS 
 
Figure 29.   Blade 6 Pressure Distribution @ Rec ≈ 268,103 
 
Figure 30.   Blade 6 Pressure Distribution @ Rec ≈ 387,326 
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Figure 31.   Blade 6 Pressure Distribution @ Rec ≈ 467,568 
 





Figure 33.   Blade 6 Pressure Distribution @ Rec ≈ 613,024 
 
Figure 34.   Blade 6 Pressure Distribution @ Rec ≈ 666,631 
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Figure 35.   Blade 6 Pressure Distribution @ Rec ≈ 720,803 
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APPENDIX C. LDV RAW DATA 
A total of 33 LDV surveys were conducted, and the raw 
velocity data was collected using TSI Incorporated “Find” 
Version 1.6 software.  The data was non-dimensionalized 
using the FORTRAN program “Calib1.for” and was recorded 
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